Abstract BACKGROUND: Because three-dimensional (3D) models more closely mimic native tissues, one of the goals of 3D in vitro tissue models is to aid in the development and toxicity screening of new drug therapies. In this study, a 3D skin wound healing model comprising of a collagen type I construct with fibrin-filled defects was developed. METHODS: Optical imaging was used to measure keratinocyte migration in the presence of fibroblasts over 7 days onto the fibrin-filled defects. Additionally, cell viability and growth of fibroblasts and keratinocytes was measured using the alamarBlue Ò assay and changes in the mechanical stiffness of the 3D construct was monitored using compressive indentation testing. RESULTS: Keratinocyte migration rate was significantly increased in the presence of fibroblasts with the cells reaching the center of the defect as early as day 3 in the co-culture constructs compared to day 7 for the control keratinocyte monoculture constructs. Additionally, constructs with the greatest rate of keratinocyte migration had reduced cell growth. When fibroblasts were cultured alone in the wound healing construct, there was a 1.3 to 3.4-fold increase in cell growth and a 1.2 to 1.4-fold increase in cell growth for keratinocyte monocultures. However, co-culture constructs exhibited no significant growth over 7 days. Finally, mechanical testing showed that fibroblasts and keratinocytes had varying effects on matrix stiffness with fibroblasts degrading the constructs while keratinocytes increased the construct's stiffness. CONCLUSION: This 3D in vitro wound healing model is a step towards developing a mimetic construct that recapitulates the complex microenvironment of healing wounds and could aid in the early studies of novel therapeutics that promote migration and proliferation of epithelial cells.
Introduction
In healthy individuals, minor wounds readily heal and require no intervention, but larger wounds or wounds in patients with compromised immunity or poor circulation can become non-healing, progressive and chronic [1] . These chronic wounds affect nearly 6.5 million patients in the United States and costs US$25 billion annually, and these numbers are expected to rise as the population ages, more people are diagnosed with diabetes and the obesity rates increase [2] . The current standard of care includes debridement combined with infection control, off-loading to relieve pressure, and maintenance of a moist wound bed [3] .
For hard-to-heal wounds, several alternative therapies for treating these chronic wounds have been developed, including acellular dermal matrices and bioengineered skin substitutes as well as biologics. Commercially available dermal matrix products, such as PROMOGRAN PRIS-MA TM Matrix made of 44% oxidized regenerated cellulose (ORC), 55% collagen and 1% silver-ORC in a sterile, freeze-dried composite and OASIS Ò Wound Matrix made of extracellular matrix (collagen, glycosaminoglycans, fibronectin) derived from porcine small intestinal submucosa, have demonstrated significant wound healing advantages over conventional therapy in clinical trials [4] [5] [6] . The successful outcomes attributed to the OASIS Ò Wound Matrix are partially due to the endogenous growth factor content (i.e. basic fibroblast growth factor (bFGF) and transforming growth factor-beta 1 (TGF-b1)) [7] . In some cases, it is advantageous to directly apply growth factors to the wound in order to avoid using biopolymers, which can have poor stability in the chronic wound environment, low mechanical strength and/or illicit an immune response [8] . Several growth factors have been used in wound treatment. In Japan, recombinant human bFGF product (Fiblast Ò Spray) has been commercially available since 2001 for decubitus ulcers and skin ulcers [9] . Recombinant human epidermal growth factor (EGF) is used in several commercially available products intended for treating diabetic foot ulcers, including Regen-D TM 150 (India), and Easyef Ò (South Korea). In the United States (US), Regranex Ò [platelet derived growth factor (PDGF)] is the only drug therapy that has been approved by the Food and Drug Administration (FDA) for the treatment of chronic wounds and it is limited to the treatment of diabetic foot ulcers [10, 11] . Since it entered the market in 1997, no new drug therapies have reached the market in the US. This is unfortunate since clinical studies have shown that only 50% of ulcers treated with Regranex Ò for 20 weeks healed [12] and the overall performance of topically applied growth factors to treat chronic wounds has been modest [13] . Additionally, increasing severity of the chronic wound further lowers the probability for a successful outcome [14] . The inadequate success rates for topically applied growth factors shows that there is a clear, unmet clinical need for novel drug therapies.
Bioengineered three-dimensional (3D) in vitro models have been previously used to aid in the development and toxicity screening of new drug therapies [15] [16] [17] [18] [19] [20] . For instance, in vitro skin models composed of fibroblasts and keratinocytes in a 3D viscose rayon scaffold were created to test for irritants [21] , as well as a 3D multilayered reconstructed human epidermal cellular construct (EpiDerm TM ) derived from human infant foreskin keratinocytes that closely resembles human epidermis [22] . The in vitro skin models developed to measure wound closure have been as simple as monolayer cultures of keratinocytes [23] , fibroblasts [24] , or both [25] , to the more complex single cell three-dimensional cultures [26] , and three-dimensional co-cultures [27] . Single cell monolayers remain the most commonly used system due to their simplicity and cost-effectiveness, however, three-dimensional models more accurately represent the complexity of human physiology [28, 29] . For instance, O'Leary et al. fabricated a skin equivalent by seeding keratinocytes onto the upper surface of a collagen scaffold populated with fibroblasts and culturing at the air-liquid interface [30] .
Immunostaining of migrating keratinocytes in wounded skin equivalents showed integrin and matrix metalloproteinases expression comparable to normal skin. More recently, a skin equivalent was developed from de-cellularized epidermis that was re-seeded with keratinocytes and fibroblasts and was used to test the effect of two wound healing therapies in wounded skin equivalents [31] . The investigators reported that an untreated wound would heal itself and that both wound healing therapies further promoted healing. This paper builds upon previous research, which studied the impact of fibrin formulation on both the resulting hydrogels mechanical properties as well as the behavior of fibroblasts and keratinocytes in 3D cell culture [26, [32] [33] [34] [35] [36] [37] [38] , to fabricate a 3D wound healing model made of a collagen type I construct with fibrin-filled defects. Over 7 days, keratinocyte migration onto the fibrin-filled defects was measured in the presence of fibroblasts and changes in the construct's mechanical properties were monitored. This 3D wound healing model allows for the control over the mechanical and physiological environment cells are exposed to and can be used to investigate cell behavior for each cell type including cell proliferation, migration and differentiation. Furthermore, this 3D construct is a step towards developing a mimetic wound healing model that recapitulates the complex microenvironment of healing wounds. This could aid in the early study of novel therapeutics that promote migration and proliferation of epithelial cells for patients suffering from chronic wounds.
Materials and methods

Cell culture
Human foreskin fibroblasts (HFF; ATCC Ò SCRC-1041, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's Medium (DMEM) (Corning, Manassas, VA, USA) with 4.5 mg/mL glucose and supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Human epithelial keratinocytes (HEK; ATCC
Ò CRL-2404, Manassas, VA, USA) were cultured in keratinocyte serumfree media (Life Technologies, Carlsbad, CA, USA). All cells were cultured at 37°C in 5% carbon dioxide (CO 2 ) (Shel Lab, model 2375-T, Cornelius, OR, USA). Culture medium was replaced every 2-3 days and the cells were passaged when they were C 80% confluent (approximately every 5-7 days). At the time of experiment, 300,000 HEKs were seeded on top of the construct, and HFFs were seeded either embedded in fibrin beads or dispersed throughout collagen. Constructs containing both keratinocytes and fibroblasts were cultured in keratinocyte serum-free media, which was previously shown to support both fibroblast and keratinocyte proliferation [33] . The constructs were incubated at 37°C in 5% CO 2 for up to 7 days, and culture medium was replaced every 2-3 days. Keratinocyte migration, cell growth and changes in mechanical stiffness of the scaffold were analyzed at days 1, 3 and 7.
Scaffold preparation
Control constructs: Collagen constructs were prepared by mixing 200 lL of PureCol bovine collagen (3 mg/mL; Advanced BioMatrix, San Diego, CA, USA) with 25 lL of 10% PBS (Corning Cellgro, Manassas VA, USA) and phenol red (Sigma Aldrich, St. Louis, MO, USA) and 42 lL 0.1 N NaOH (Sigma Aldrich, St. Louis, MO, USA) in the well of a 24-well plate. The final collagen concentration was 2.4 mg/mL. The collagen constructs were allowed to polymerize at 37°C in 5% CO 2 for 75 min. A second collagen layer was prepared and polymerized in the same manner to create a 3D collagen matrix. Once the second layer of collagen was polymerized, keratinocytes were introduced on top of the construct at a concentration of 300,000 cells/mL. The constructs were placed in the incubator for 3 h to allow the keratinocytes to adhere to the collagen surface. After 3 h, the excess media was aspirated and the surface was washed with PBS. An upside-down 2 lL micropipet tip was inserted into the collagen construct, gently rotated to form the circular outline of a wound and quickly removed-the punching process took less than 5 s to complete. The collagen within this wound was aspirated out and the area was filled in with 30 lL fibrin. Briefly, the fibrinogen component of the Tisseel TM fibrin sealant kit (Baxter Healthcare Corp., BioScience, Westlake Village, CA, USA) was reconstituted with the aprotinin solution following the manufacturer's instructions, and subsequently diluted with 1X tris buffered saline (TBS). Note this component is not a purified source of fibrinogen and may contain trace amounts of growth factors, enzymes as well as extracellular matrix proteins [39] . It was then mixed with the thrombin component of the Tisseel TM fibrin sealant kit, which was reconstituted and diluted with a solution of 40 mM calcium chloride in TBS. This process was repeated twice in each well plate. The fibrin was then allowed to polymerize for 10 min in the incubator. Finished constructs were stored in the incubator with 1 mL keratinocyte serum-free media. Fluorescent images of keratinocytes stained with Vybrant DiD (red) (Invitrogen, Carlsbad, CA, USA) seeded on top of the constructs are shown in Fig. 1 and an illustration of the construct is shown in Fig. 1D . The first experimental construct introduced fibroblasts directly in the collagen layers (i.e. no fibrin beads). The 3D constructs were prepared in the same manner as the control, but the collagen solution was mixed with fibroblasts after the neutralization of the solution via the addition of PBS and NaOH. The cell concentration was chosen such that an equal number of fibroblasts would be present in both experimental constructs. Keratinocytes were introduced on top of the construct at a concentration of 300,000 cells/mL, and the concentration of the fibrin-filled defect was 10 mg/mL prepared with 10 units/mL thrombin. An illustration of the construct is shown in (Fig. 1E) .
The second experimental construct introduced fibroblasts via fibrin beads: The first layer of the collagen scaffold was prepared as above. 10 lL of fibrinogen containing fibroblasts (2000 cells/lL) was pipetted onto each side of the construct, followed by 10 lL of thrombin to form two fibroblast-containing fibrin beads on each construct. The final fibrin concentrations were 5 or 10 mg/mL (F5 or F10) and polymerized with 5 or 10 units/mL of thrombin (T5 or T10). A second layer of collagen was formed above the fibrin beads. Fluorescent images of fibroblasts stained with Vybrant DiO (green) (Invitrogen, Carlsbad, CA, USA) and encapsulated in fibrin beads is shown in Fig. 1B . The remainder of the construct was prepared as previously described above with 300,000 cells/mL of keratinocytes being seeded on top of the construct once the second layer of collagen polymerized, and the concentration of the fibrin-filled defect matched the fibrin bead formulations. A combined fluorescent image of Vybrant DiD-stained keratinocytes seeded on top of the constructs and Vybrant DiO-stained fibroblasts encapsulated in fibrin beads are shown in Fig. 1C and an illustration of the construct is shown in Fig. 1F . The mechanical properties of the resulting fibrin gels is impacted by the fibrin microstructure and this is influenced by various parameters, including the concentrations of fibrinogen, calcium and thrombin. For instance, gels prepared with high thrombin concentrations have a tight network comprised of fine fibers, while gels prepared with low thrombin concentrations have greater porosity and thicker fibers [40] [41] [42] . It has been previously shown that changes in matrix morphology can regulate cellular migration, morphology and as well as influence the early stages of wound healing [43] [44] [45] .
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Cell viability and growth assay
Cell viability and growth of fibroblasts and keratinocytes seeded in the wound healing construct (both mono-and cocultures) was measured using the alamarBlue Ò assay (Invitrogen, Carlsbad, CA, USA). Fibroblasts were either seeded throughout the collagen construct or within the fibrin beads, and keratinocytes were seeded on top of the collagen construct. The indicator, resazurin, is converted to resorufin-a fluorescent molecule-by the metabolic activity of cells. The fluorescent intensity corresponds to the cells metabolic activity and is proportional to the number of living cells. At each time point (days 1, 3 and 7), the supernatant was aspirated from the 3D constructs and they were washed with warm 1X Dulbecco's phosphatebuffered saline (DPBS) twice prior to the cell growth assay. A 10% solution of alamarBlue Ò in culture medium was added, and incubated at 37°C in 5% CO 2 for 4 h. The fluorescence intensity (560 nm excitation, 590 nm emission) of the culture medium was measured using a multiwell plate reader (Inifinite Ò F200; Tecan Group Ltd., Männedorf, Switzerland).
Keratinocyte migration
Keratinocyte migration was monitored by collecting images every day starting at day 1 and going through 7, or until the cells reached the center of the fibrin-filled defects, whichever happened first (Fig. 2) . Bright field images were captured with an inverted IX71 Olympus microscope Fig. 1 Micrographs of A keratinocytes fluorescently-tagged with Vybrant DiD on the surface of the 3D wound healing construct and near the fibrin-filled defect at a concentration of 300,000 cells/mL; B fibroblasts fluorescently-tagged with Vybrant DiO that are encapsulated inside a fibrin bead within the collagen layers of the 3D wound healing construct and near the fibrin-filled defect (20,000 cells/ bead); and C a stacked fluorescent image of the keratinocytefibroblast bead co-culture with fibroblasts encapsulated inside fibrin beads. For all micrographs, the scale bar = 500 lm (50 x magnification). D Illustration of the control construct with only keratinocytes seeded on the surface. E Illustration of the keratinocyte-fibroblast coculture construct with fibroblasts uniformly dispersed throughout the collagen matrix and keratinocytes seeded on the surface. F Illustration of the keratinocyte-fibroblast bead co-culture with fibroblasts encapsulated inside two fibrin beads within the collagen matrix and keratinocytes seeded on the construct's surface. The final fibrin concentrations were either 5 or 10 mg/mL (F5 or F10) and polymerized with either 5 or 10 units/mL thrombin (T5 or T10). The concentration of the fibrin-filled defect matched the fibrin bead formulation. Note the illustrations are not drawn to scale (Olympus America, Center Valley, PA, USA). The images were analyzed using ImageJ software to measure the migration distance from the edge of the fibrin wound toward the center. The migration distance was quantified by averaging the radial migration distance from 10 points around one fibrin wound.
Mechanical testing of 3D in vitro wound healing model
The mechanical stiffness of the 3D wound healing model was monitored using a previously described compressive indentation measurement using an Instron 5564 Universal Testing Machine (Instron, MA, USA) with a 2.5 N load cell. At the time of experiment (days 1, 3 and 7), the excess media was removed from the constructs and they were compressed with a cylindrical flat-ended stainless-steel indenter at a controlled displacement until a final displacement of 2 mm was reached. The Boussinesq elastic solution for a flat punch indentation was used to analyze the linearized portion of the force displacement data (between 0.0 and 1.0 mm) in order to estimate the Young's modulus, E (Eq. 1) [46, 47] .
A Poisson's ratio, t, of 0.25 was assumed for the constructs [32, 47] . The punch radius, a, was 1.5 mm, and the load force, F, was applied at a rate of 5 mm/min. As previously mentioned, the displacement, u, was 1 mm.
Statistical analysis
Data are presented as mean ± standard deviation from three or more experiments with each experimental set done in triplicates. A Welches ANOVA and Games-Howell post hoc test were used to compare the mean migration distance of keratinocytes at days 3 and 6 from the six independent 
Results
This novel wound healing construct provides a tunable microenvironment to study cell behaviors, such as migration, growth, and cross-talk between different cell types. For instance, the mechanical characteristics of both the collagen construct and the fibrin-filled defects can be readily altered by changing the concentrations of collagen and fibrin (i.e. total mass of protein) used in the fabrication of the wound healing model, which alters the biopolymer chain density [40] . This allows the stiffness to be modulated as well as the construct's porosity and the density of binding motifs available to cells present in the construct.
While not studied here, it has been previously shown that fibrin and collagen have binding motifs for fibroblasts and keratinocytes. For instance, keratinocytes and fibroblasts both express a 2 b 1 , which directly binds on collagen type I, and fibroblasts express a v b 3 , which binds to fibrinogen at RGD sites [48] [49] [50] . Additionally, the use of fibrin beads creates a way to introduce different cell types into the construct in a way that allows for the customization of each cell's microenvironment, which can be optimized to produce cells that match phenotype criterion of native tissue. In this study, keratinocyte behavior in the presence of fibroblasts was examined in three different types of 3D collagen constructs: (1) a control construct where keratinocytes were seeded on the top of the 3D collagen matrix containing fibrin-filled wounds; (2) an experimental construct where fibroblasts are distributed uniformly throughout the collagen matrix; and (3) experimental constructs where fibroblasts are encapsulated in fibrin beads that are embedded in the collagen construct.
Cell growth greatest in monoculture constructs
Analysis of cell growth by alamarBlue Ò over a period of 7 days showed that the keratinocytes and fibroblasts were viable and proliferated (Fig. 3) . First, keratinocyte and fibroblast cell growth was measured individually-keratinocytes seeded on the top of the constructs and fibroblasts within the constructs-followed by co-cultures. There was an overall increase in cell growth when fibroblasts were cultured alone (Fig. 3A) . When fibroblasts were encapsulated in F5T5 beads, there was a statistically significant increase from days 1 to 7. Similarly, there was a statistically significant increase in cell growth from days 1 to 7 when fibroblasts were encapsulated in F5T10 beads. Overall, when the fibrinogen concentration was held constant at 5 mg/mL and thrombin was increased from 5 to 10 units/mL, the total increase in cell growth by day 7 decreased from 1.35 fold increase to 1.20 fold increase, respectively. Increasing the fibrinogen concentration used to fabricate the beads from 5 mg/mL to 10 mg/mL produced significant increases in fibroblast growth. Fibroblasts encapsulated in F10T5 beads had a statistically significant 3.36 fold increase from days 1 to 3, and a slight increase between day 3 and day 7 that was not statistically significant. Likewise, fibroblasts encapsulated in F10T10 beads had a statistically significant 2.31 fold increase in cell growth from days 1 to 3, and no statistically significant change in growth between days 3 and 7. Again, when the fibrinogen concentration was held constant-this time at 10 mg/mL-and the thrombin concentration is increased from 5 to 10 units/mL, the total cell growth on day 7 decreased from 3.39 fold increase to twofold increase, respectively.
A summary of keratinocyte growth in the presence of fibrin-filled wounds prepared with concentrations of fibrinogen and thrombin matching the fibrin beads is shown in Fig. 3B . When exposed to F5T5 fibrin-filled wounds, keratinocytes had a statistically significant 1.39 fold increase in growth between days 1 and 3 but no statistically significant difference between days 3 and 7. A similar trend was observed with F5T10 fibrin-filled wounds. There was a statistically significant 1.43 fold increase in growth between days 1 and 3, and no statistically significant difference between days 3 and 7. When the fibrinogen concentration was held constant at 5 mg/mL, there was a 1.35 fold increase in cell growth by day 7 for both concentrations of thrombin tested. When keratinocytes were in the presence of F10T5 fibrin-filled wounds, there was a 1.13 fold increase in growth between days 1 and 3, and no statistically significant growth between day 3 and 7. The keratinocytes cultured on constructs with F10T10 fibrin-filled wounds had 1.53 fold increase in growth between days 1 and 3, but by day 7 there was an overall 1.38 fold increase in growth compared to day 1. In summary, keratinocyte growth in all the constructs containing fibrin-filled wounds was statistically significant between days 1 and 3.
Constructs containing co-cultures of fibroblasts and keratinocytes experienced little change in growth between days 1, 3, and 7 (Fig. 3C) . Specifically, constructs containing F5T5 fibrin-filled wounds and beads had no significant difference in cell growth between days 1 and 7. Similarly, when the fibrin-filled wounds and beads were fabricated using F5T10, there was no statistically significant difference in proliferation between days 1 and 3. There was a 1.2 fold increase in growth between days 3 and 7. In both the F10T5 and F10T10 constructs, there was no statistically significant difference in growth between days 1 and 7. The overall growth of keratinocytes in the presence of fibroblasts at day 7 was compared to the sum of keratinocyte growth and fibroblast growth that was measured independently (Fig. 4) . The fluorescence intensity of the cells in each construct, which was proportional to the number of cells. In nearly all cases, the sum of the fluorescence intensity of keratinocytes and fibroblasts alone was greater than the fluorescence intensity from when both cells were present within the same construct. Specifically, the constructs with F5T5, F5T10 and F10T10 fibrin-filled wounds and beads had statistically significant differences between the co-cultures and the sum, while there was no significant difference for the constructs with F10T5 fibrinfilled wounds and beads.
Keratinocyte migration increased in the presence of fibroblasts
Keratinocyte migration towards the center of the fibrin wound was analyzed over a period of 7 days (Fig. 5) and demonstrated a step-wise migration behavior when cultured alone. Migration was linear between days 0 and 3 followed by an increase in the migration rate to 278 lm/day between days 3 and 5, and then slowed from days 5 to 7. Migration distance was not recorded past day 7 since the cells had reached the center of the fibrin wound. Keratinocyte migration was accelerated by the presence of fibroblasts within the collagen construct, and the keratinocytes reached the center of the fibrin-defect by day 3 (Fig. 5A) . The average migration rate was 388 lm/day. When the fibroblasts were introduced to the collagen construct via fibrin beads, the keratinocyte migration rate decreased compared to keratinocyte-fibroblast co-cultures Fig. 3 Comparing the cell growth of A fibroblast monocultures, B keratinocytes monocultures and C fibroblastkeratinocyte co-cultures in 3D wound healing constructs at days 1, 3, and 7 measured by alamarBlue Ò (n = 9). The x-axis shows the fibrin-bead and wound concentrations in mg/mL (when present; see illustration insert) and the thrombin concentration used for polymerization in units/mL. The collagen concentration was 2.4 mg/mL. Cell growth data is presented as a percentage of day 1 and error bars represent standard deviation. ''Asterisks'' indicates p \ 0.05 when comparing cell growth between timepoints Fig. 4 Comparing the total cell growth of fibroblast-keratinocyte cocultures with the sum of cell growth from fibroblast and keratinocyte monocultures in 3D wound healing constructs at day 7 measured by alamarBlue Ò (n = 9). The dark gray bars represent fibroblast growth in monoculture, the light gray bars represent keratinocyte growth in monocultures, and the white bars represent the total cell growth in the co-cultured constructs. The x-axis shows the fibrin-bead and wound concentrations in mg/mL (when present) and the thrombin concentration used for polymerization in units/mL. The collagen concentration was 2.4 mg/mL. ''Asterisks'' indicates p \ 0.05 when compared with cell growth in the co-cultured constructs Tissue Eng Regen Med (2018) 15(6):721-733 727 without fibrin beads. However, the migration rate was higher than keratinocyte-only constructs. Specifically, the average migration rate was 153 lm/day when the fibroblasts were encapsulated in fibrin beads prepared with 10 mg/mL fibrinogen and 10 units/mL thrombin (F10T10), and 172 lm/day when the fibroblasts where encapsulated in F5T10 beads (Fig. 5B) . Lowering the concentration of thrombin used to prepare the fibrin beads encapsulating the fibroblasts increased the average keratinocyte migration rate: 176 lm/day in constructs with F10T5 beads and 202 lm/day in constructs with F5T5 beads (Fig. 5C ). Statistical analysis using Welches ANOVA and GamesHowell post hoc test to compare the migration distance between the independent groups at days 3 and 6 showed that there was a statistically significant difference (p \ 0.05) among the migration distance of all the groups at day 3. Additionally, there was a highly significant (p \ 0.01) differences among all the groups except the constructs containing fibrin beads prepared with 5 units/mL thrombin. By day 6, the keratinocyte-fibroblast co-culture construct and the construct with the 5F5T beads had reached the center of the fibrin wound-day 3 and day 5, respectively. The remaining groups showed highly significant (p \ 0.01) differences except between the F10T10 bead and the keratinocyte-only constructs, which had no statistically significant difference in migration distance at day 6. Migration results are summarized in Table 1 .
Mechanical stiffness constant in co-culture constructs
Instron compression testing was done to analyze the change in stiffness of collagen constructs over 7 days. Stiffness is a measure of a material's resistance to deformation and is calculated as the slope of the stress versus strain plot-also known as the Young's modulus [51] . The absolute modulus of the 3D constructs on Day 1 is shown in the Supporting Information Fig. 1 . For the constructs seeded with fibroblasts only, there was no statistically significant change in the stiffness except for a statistically significant decrease in stiffness between days 1 and 7 for constructs containing F5T5 and F5T10 fibrin-filled wounds and beads (Fig. 6A) . When keratinocytes were seeded alone in the constructs, there was an increasing trend in stiffness from day 1 to 7 ( Fig. 6B) . It was statistically significant for all constructs except the F10T10 constructs, which had no statistically significant difference between days 1 and 7. When both cell types were introduced to the construct, there was no statistically significant changes in stiffness (Fig. 6C ).
Discussion
The goal of this study was to fabricate a 3D wound healing model comprised of a collagen type I scaffold with fibrinfilled defects in order to assess keratinocyte migration for Fig. 5 Comparing the migration of keratinocytes alone (control) and co-cultured with A fibroblasts uniformly dispersed throughout the collagen layers, B fibroblasts encapsulated in fibrin beads (5 or 10 mg/mL) prepared with 10 units/mL of thrombin, and C fibroblasts encapsulated in fibrin beads (5 or 10 mg/mL) prepared with 5 units/mL of thrombin. Overall, the presence of fibroblasts increased the keratinocyte migration rate when compared with keratinocyte monoculture constructs. For all constructs, the collagen concentration was 2.4 mg/mL and the fibrin wound composition matched the fibrin bead composition (n C 9). The error bars represent standard deviation up to 7 days in the presence and absence of fibroblasts. Fibrin beads were introduced into the 3D construct in order to control the spatial arrangement of fibroblasts relative to keratinocytes as well as to control the fibroblast's microenvironment. In addition to measuring changes in keratinocyte migration, cell growth and changes in mechanical properties of the construct were also investigated. This study demonstrated that the 3D construct can be used to control inputs, such as varying local cell-seeding density independent of cell number, spatial arrangement between cells and extracellular matrix composition, and measure cellular response. Additionally, the results are a step towards developing a mimetic wound healing model that recapitulates the complex wound healing microenvironment, but it is currently incomplete. In vivo, the wound healing process involves many cell types not investigated in this study, including platelets, endothelial cells, macrophages, neutrophils, and myofibroblasts as well as the numerous growth factors, cytokines and chemokines that they secrete [1] . The complexity of the wound healing model developed in this study can be increased simply with the addition of signaling molecules and other cell types to features of the construct, such as the fibrin-filled defect and fibrin beads. Understanding the effects paracrine signaling between multiple cell types and their relative spatial arrangements have on the cellular components will be important for the future development of therapies for patients suffering from chronic wounds. Keratinocyte migration results demonstrated that the presence of fibroblasts within the construct increased migration when compared against constructs seeded with keratinocytes only. Similar results have been reported in a previous study investigating keratinocyte migration when co-cultured with fibroblasts. Specifically, significant keratinocyte migration was observed when the two cell types were in direct contact with each, but there was no change in keratinocyte migration compared to keratinocyte-only controls when a transwell was used to separate the two cell types [25] . In this study, keratinocyte migration was fastest when fibroblasts were dispersed throughout the 3D Fig. 6 The change in Young's Modulus, E, of 3D wound healing constructs seeded with A fibroblasts only, B keratinocytes only, and C fibroblast-keratinocyte cocultures at days 1, 3, and 7 measured as measured by compressive indentation testing (n C 9). Data is presented as a percentage of day 1 and error bars represent standard deviation collagen construct, which allowed direct contact with keratinocytes seeded on top of the collagen. Sequestering the fibroblasts within fibrin beads embedded within the collagen construct decreased keratinocyte migration; however, migration was still greater than when there was no fibroblasts present. Additionally, decreasing the fibrin concentration of the fibrin beads promoted faster keratinocyte migration. This lab has previously shown that fibrinogen and thrombin concentration are inversely related to fibrin gel porosity, pore size, and permeability [35] . Consequently, there is less impendence to paracrine signaling between encapsulated fibroblasts and keratinocytes.
In previous studies, expression levels of both TGF-b and b-FGF-measured by ELISA-significantly increased in fibroblasts co-cultured with keratinocytes for 3 days when compared with control fibroblasts or keratinocytes in mono culture [52] . It has been previously shown that both these growth factors have an influence on keratinocyte migration. Specifically, bFGF stimulated keratinocyte migration when cultured on type I collagen-coated substrates [53] , and TGF-b was shown to induce keratinocytes to express integrins that facilitate migration [54] . Interestingly, keratinocytes lack the expression of integrin a v b 3 -the receptor for fibrin [55] . However, keratinocytes can express four fibronectin-binding integrins: [56] , and the fibrin used for this study has been previously reported to contain 6 mg/mL of fibronectin (undiluted) [38, 39] . However, more research using a purified fibrin source is needed to elucidate the role plasma proteins within fibrin sealant have on cell migration. Changes in migration rate corresponded with changes in cell growth. In the fibroblast and keratinocyte co-cultures, there was little-to-no growth measured over the 7 days, but there was an increase in keratinocyte migration. In addition to promoting keratinocyte migration as previously discussed, TFG-b has also been shown to inhibit keratinocyte growth. A study of mouse keratinocytes found that the c-myc gene expression was necessary for epithelial cell proliferation and that TFG-b reduced c-myc expression by blocking transcription [57] . This suggests that keratinocyte migration was due to increased cell mobility and not cell growth. There have been previous studies investigating keratinocyte migration that used mitomycin C treatment to arrest cell growth so wound closure results would not be confounded by cell growth [58, 59] . However, they also report that the absence of mitomycin C treatment produced minimal changes in wound closure suggesting the amount of wound closure due to proliferation was minor. The absence of cell growth in the co-cultured constructs differs from a previous study from one of the co-authors, which found that there was a synergistic enhancement of cell growth in fibroblasts and keratinocyte co-cultures. Specifically, the cell proliferation for both keratinocytes and fibroblasts-measured by Magnetic Activated Cell Separation (MACS)-co-cultured in 3D fibrin constructs was greater than the proliferation for either cell type in monocultures [33] . However, differences in the experimental design likely account for the conflicting results. For instance, the previous study incorporated both cell types freely within a 3D fibrin scaffold that were absent of defects filled with extracellular matrix protein that were devoid of cells. In this study, the cells were spatially arranged such that keratinocytes were seeded on top of the collagen scaffold while fibroblasts were embedded within the scaffold, and the cell-free fibrin-filled defects allowed cell migration.
It has been previously documented that the mechanical properties of a hydrogel matrix influences cell behavior, and that cell remodeling can affect a hydrogel's mechanical properties [60] [61] [62] [63] . When monocultures of fibroblasts were grown in the collagen constructs, there was a decreasing trend in construct stiffness over time. Migrating fibroblasts leaving the embedded fibrin beads use enzymes such as collagenase and matrix metalloproteases to facilitate migration through a 3D environment [64] . When monocultures of keratinocytes were grown on the surface of collagen constructs, there was a slight increase in construct stiffness, and visible changes to the construct dimension were observed. Specifically, contraction of the collagen constructs caused slight pulling-away of the contrast from the wall of the well plate. High cell seeding densities have been shown to increase hydrogel stiffness due to hydrogel compaction from forces exerted on the matrix by the cells [32] . However, when both fibroblasts in fibrin beads and keratinocytes were incorporated in the collagen constructs, there was no significant change in mechanical modulus overtime. It is likely the opposing effects of fibroblasts and keratinocytes on matrix stiffness could explain these results. It is also beneficial that the mechanical integrity of the construct remains intact since it suggests that it can serve as a viable in vitro wound healing model for at least a week.
To model the function of keratinocytes and fibroblasts, commercially available HEK001 and HFF-1 cell lines were utilized in this study. However, previous studies have shown that differences in can exist between primary cells and cell lines as well as between different cell lines [65, 66] . For instance, a study of Toll-like receptor (TLR) expression on different keratinocyte cell lines as well as primary keratinocytes and their chemokine production in response to TLR-ligand binding showed that differences exists between the different cell lines [65] . Specifically, HEK001 cells overexpressed TLR2 and TLR5. TLR2 is used by keratinocytes to detect peptidoglycan and lipoteichoic acid, and expression of TLR5 is characteristic of basal layer keratinocytes. In this instance, cell choice would significantly impact a study of the innate immune response using the reported wound healing model, and it likely that differences also exist in levels of integrin and cytokine expression between the different cell lines, which have not yet been fully investigated. Therefore, future studies using both primary fibroblasts and keratinocytes as well as different cell lines would verify the efficacy of this construct to serve as an in vitro wound healing model.
In summary, this data shows that keratinocyte migration is enhanced by the presence of fibroblasts in wound healing models made of collagen type I with fibrin-filled defects. The greatest keratinocyte migration was observed in constructs where fibroblasts were seeded throughout the collagen construct and not in the fibrin beads. It was also observed that the constructs with the greatest keratinocyte migration rates were also the constructs with the least cell growth suggesting fibroblasts promote keratinocyte migration over proliferation in ''wounded'' constructs. Furthermore, the cellular response was influenced by the presence of fibrin beads and could be modulated by changes to the fibrin concentration within the beads as demonstrated by the changes in keratinocyte migration when fibroblasts were encapsulated in fibrin beads. This simplified wound healing model is an early step towards recapitulating the complex microenvironment of healing wounds in vitro, and fibrin beads can be used to create custom microenvironments for other cell types involved in wound healing, such immune and vascular cells. Furthermore, the fibrin beads in this study can be used in future studies to control the presentation of signaling molecules as well as different cell types present in the wound-healing milieu. In general, this approach is useful for engineering the cellular microenvironment such that the interactions between cell types can be controlled in order to better study topics in developmental biology as well as to optimize efficacious tissue engineered products.
